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1.  INTRODUCTION 

The effects of high hydrostatic pressure on materials have been investigated throughout the twentieth 

century (Vodar and Kieffer 1971). However, early studies concentrated on metallic (Bridgman 1958) and 

geological materials (Birch 1938). During the last 30 years, it has been shown that hydrostatic pressure 

has a greater effect on polymer materials than on metals or rocks (Pae and Bhateja 1975). Recent works 

(Parry and Wronski 1990; Shin and Pae 1992a, 1992b; Sigley, Wronski, and Parry 1992; Sigley, Wronski, 

and Parry 1991) have shown that the mechanical properties of polymer matrix composites are also strongly 

affected by hydrostatic pressure. The Army is interested in the use of thick- section-fiber-reinforced-epoxy 

composites for ballistic applications. Since gun barrels can create a high- pressure environment, effective 

and efficient design of composite materials for ballistic applications depends on understanding the 

properties of the composites under hydrostatic pressure. 

This report is a summary of the research that has been done on the effects of hydrostatic pressure on 

polymer matrix composite materials. Since the properties of composites are strongly affected by those 

of the matrices, section 2 of this report reviews the effects of pressure on unreinforced polymers. 

Section 3 is a review of the published research on the effects of high pressure on composite materials. 

This section describes details of the experimental work, effects of the hydrostatic pressure on strengths 

and stiffnesses, failure modes of the materials, and the quantitative analysis of the results. The 

significance of the results is then discussed in section 4. 

In the experimental work described in this report, the materials were subjected to hydrostatic pressure 

of up to 1 GPa during testing. The details of the testing facilities will be covered in a separate report. 

However, one aspect of the testing facilities, the pressure transmitting fluid, was found to affect the test 

results and will be mentioned here. The pressures were usually transmitted to the material through a fluid 

such as kerosene or hydraulic oil. While this fluid needs to possess certain mechanical properties (it 

should be nearly incompressible, so that it stores as little elastic energy as possible, and it should also be 

lubricating to prolong the life of the pressurizing pump), the major concern in analysis of previous results 

is how the fluid interacts with the test materials. In tests on geological materials the test specimens are 

usually sealed in a rubber or copper jacket to prevent interaction with the confining fluid (Brown 1981; 

Heard 1963). In most of the tests on unreinforced polymers reviewed in this study, the polymers were 

not protected from the pressure-transmitting fluid. Laka and Dzenis (1967) and Sauer (1977) have 

reported that the pressure medium has a strong effect on the mechanical properties of brittle polymers such 



as Plexiglass, but little effect on ductile polymers such as polyethylene. In the tests on the composite 

materials, most of the specimens were protected from the confining fluid by a rubber coating. Of the tests 

that were conducted without a protective coating, only one study (Sigley, Wronski, and Parry 1992) 

reported any effects of the confining fluid on the test materials; these results were subsequently omitted 

from this review. 

2.  EFFECTS OF PRESSURE ON THE MECHANICAL PROPERTIES OF UNREINFORCED 
POLYMERS 

Pae and Bhateja (1975) gave a very detailed review of the literature up to 1975 of the mechanical 

behavior of polymers under pressure. The authors discussed all of the research to date on each polymer 

that had been studied. The reader is referred to this article and more recent studies (Sauer 1977) for a 

thorough review of the effects of hydrostatic pressure on polymers. This section of the report will 

highlight some of the important effects of hydrostatic pressure on polymers, and it will analyze those 

effects in terms of the physical changes in the materials. 

2.1 Elastic Modulus. In general, the elastic modulus of unreinforced polymers increases with 

increasing hydrostatic pressure in tension, compression, and shear in either a linear or piece-wise linear 

manner. Figure 1 shows the ratio of the elastic modulus under hydrostatic pressure to the modulus at 

atmospheric pressure for several crystalline polymers. Figure 2 shows the same information for several 

amorphous polymers. In general, the pressure dependence of the modulus is greater for materials that have 

low moduli at atmospheric pressure. The pressure dependence is then greater for crystalline polymers that 

have a glass transition below the test temperature than for amorphous polymers that are glassy at the test 

temperature (Pae and Bhateja 1975). 

According to Pae (Pae and Bhateja 1975), one of the main reasons for the increase in the elastic 

modulus with increasing pressure is the effects of finite deformations on the polymer. In classical theory 

of elasticity, strains are referred to as infinitesimal if the squares and products of the strains are so small 

that they can be neglected. When the strains are finite or large enough that their squares and products can 

no longer be neglected, classical theory of elasticity no longer holds, and the finite deformation theory of 

elasticity developed by Murnaghan (1937, 1951) is used. In experimental work on the effects of high 

pressure on the mechanical behavior of polymers, the pressures used can be much higher than the applied 

axial loads, and often on the order of the elastic moduli of the materials (Pae and Sauer 1970). At these 
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pressures the elastic modulus is no longer constant but is a function of the applied pressure (Pae and 

Bhateja 1975). Birch (1938) proposed that at high pressures the modulus is a function of the pressure and 

the Poisson's ratio as shown in equation 1: 

E = E(0) + (P * 2(5 - 4t))(l - i))) , (1) 

where E(0) is the elastic modulus at atmospheric pressure, P is the applied hydrostatic pressure, and x> is 

the Poisson's ratio at atmospheric pressure. Equation 1 can be normalized with respect to the initial 

modulus as follows: 

1 + _L_ 2 (5 - 4u)(l - t>) . (2) 
E(0) E(0) 

Equations 1 and 2 predict that the elastic modulus of a material will increase proportionally to the 

hydrostatic pressure with a slope of 2(5 - 4t>)(l - u). However, the effects of this are much more 

significant in materials with initially low moduli (such as polymers) than in materials with high moduli 

(such as metals and ceramics). For example, if polypropylene (PP) [E(0) = 1.45 GPa, v = 0.32] and iron 

[E(0) = 211.4 GPa, x> = 0.293] were tested under 300-MPa hydrostatic pressure, the modulus of the PP 

would be expected to increase 105% and the modulus of the iron would only increase 0.8%. Thus, the 

effects of the pressure on the modulus of polymers is much more significant than the effects on the moduli 

of suffer materials. 

The shear modulus has also been shown to be a function of the applied hydrostatic pressure as 

described by equation 3 (Birch 1938; Sauer 1977): 

G(P) = G(0) + 
3(3,    4V)P- (3) 
2(1 + x>) 

Like the equation for the elastic modulus (equation 1), the equation for the shear modulus is a function 

of the initial shear modulus. Materials that have initially low moduli will show a much stronger pressure 

dependence than materials with initially high moduli. 



Pae and Bhateja (1975) reported the measured slopes of the elastic modulus vs. hydrostatic pressure 

curves for several polymers and the slopes that were calculated from the Birch equation (equation 1), and 

these values are given in Table 1. For the materials listed in Table 1, the Birch equation predicts the 

pressure dependence of the elastic modulus fairly accurately. This is significant because all of the 

constants in the Birch equation can be found from tests at atmospheric pressure. However, Matsushige, 

Radcliffe, and Baer (1975) have shown that for polymethyl methacrylate (PMMA), the pressure vs. 

modulus curve is nonlinear at high pressures. This led Sauer (1977) to suggest that the Poisson's ratio 

may be an increasing function of pressure, so that the Birch equation is not accurate at high pressures. 

Table 1.  Predicted and Experimental Slope of the Elastic Modulus vs. Pressure Curve 

Material 
Elastic 

Modulus 
(GPa) 

Poisson's 
Ratio 

Slope 
Predicted by 

the Birch 
Equation 

Observed 
Slope Reference 

PTFE 1.52 0.45 3.5 3.3 Pae and Bhateja 1975 

PCl'FE 1.17 0.44 3.6 3.0 Silano and Pae 1972 

PE — 0.34 4.8 4.1 Silano, Bhateja, and 
Pae 1974 

PP 1.45 0.32 5.1 4.1 Silano, Bhateja, and 
Pae 1974 

PC 2.45 0.38 4.3 4.1 Pae and Bhateja 1975 

CA 1.52 0.33 4.9 5.1 Pae and Bhateja 1975 

PI 2.09 0.41 4.0 3.0 Silano, Bhateja, and 
Pae 1974 

PVC 2.26 0.40 4.0 3.2 Silano, Bhateja, and 
Pae 1974 

While the Birch equation can be used to predict the initial linear response of the elastic modulus due 

to hydrostatic pressure, high hydrostatic pressure can also cause the glass transition and subglass 

transitions in a polymer to shift to higher temperatures, which causes the modulus to increase at a different 

rate.   Paterson (1964) observed that the glass transition of rubber increased by 80° C with 510 MPa 



(74 ksi) of applied hydrostatic pressure. This caused the elastic modulus to increase by over two orders 

of magnitude. 

Hydrostatic pressure can also raise the temperature of secondary glass transitions. In torsion tests on 

unreinforced epoxy samples, Shin and Pae (1992a) reported that the slope of the modulus vs. pressure 

curve for epoxy changed at 200 MPa (29 ksi) due to a subglass transition in the epoxy as shown in 

Figure 3. In fracture toughness tests on polyethylene, Truss, Duckett, and Ward (1984) reported that the 

gamma transition for polyethylene normally occurs at -100° C. Hydrostatic pressure raised this transition 

at a rate of -15° C per 100 MPa (14.5 ksi) of applied pressure so that at 800 MPa (116 ksi), the gamma 

transition occurred at room temperature (20° C). 
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Figure 3.  Torsional shear modulus vs. pressure for tubular samples of epoxy matrix. 

The effects of pressure can also vary depending on the crystallinity of the polymer. For example, in 

tests on low-density and medium-density polyethylene (LDPE and MDPE) (Silano, Bhateja, and Pae 1974; 

Mears, Pae, and Sauer 1969), both materials showed increasing stiffness and strength with increasing 

pressure; however, the stiffness and strength increased at a much higher rate for the LDPE due to the 

higher compressibility of this material. The modulus vs. pressure curves for both materials showed a 

nonlinear point at 240 MPa (35 ksi). This pressure corresponded to the ß-transition for polyethylene. 



2.2 Yield Strength. The yield strength of polymers also increases with applied hydrostatic pressure; 

however, the pressure dependence of the yield strength usually differs from that of the modulus. In tensile 

and compression tests on polyvinyl chloride and cellulose acetate at pressures from atmospheric to 

690 MPa (100 ksi), Pae and Sauer (1970) found that the yield strength increased linearly with increasing 

pressure for both materials in tension and compression. However, the relationship between the modulus 

and pressure was bilinear with a pressure-induced transition at 138 MPa (20 ksi). Sauer (1977) later 

suggested that in semicrystalline polymers, the modulus is more strongly affected by the properties of the 

amorphous phase, and the yield stress is more strongly dependent on the crystalline phase. When a 

material undergoes a pressure-induced glass transition, the amorphous phase and the modulus of the 

material show a greater change. Therefore, while the modulus vs. pressure curves are often bilinear for 

polymers, the yield stress vs. pressure curves are usually linear (Sauer 1977). 

Christiansen, Baer, and Radcliffe (1971) found that for polycarbonate the modulus increased by 40% 

between atmospheric pressure and 800 MPa (116 ksi); however, over the same pressure range the yield 

stress increased 240%. This indicated that the mechanisms controlling the elastic modulus were not the 

same as those controlling plastic flow. The authors compared the change in yield stress to the change in 

the amount of free volume in the material. They found that the yield stress increases at a higher rate for 

a change in volume caused by a decrease in temperature than for a change in volume caused by an 

increase in pressure (Christiansen, Baer, and Radcliffe 1971). This could be caused by the additional 

effects caused by the temperature change, such as a decrease in polymer chain mobility. The yield 

strengths of several polymers and their dependencies on hydrostatic pressure are given in Table 2. 

Several theories have been proposed to explain the dependence of the yield stress on the 3-D stress 

state. The Mohr-Coulomb theory (Pae and Bhateja 1975; Sauer 1977; Bhateja and Pae 1972) and the 

modified von Mises theory (Pae and Bhateja 1975; Sauer 1977; Sternstein and Ongchin 1969) are given 

in equations 4 and 5. Both of the equations predict that the yield stress in any one direction will increase 

linearly with increasing hydrostatic pressure. The Mohr-Coulomb theory predicts that yielding will occur 

when a combination of the normal and shear stresses reach a critical value; the modified von Mises 

equation assumes that yielding will occur when the octahedral shear stress (ioct) reaches a value which 

is a linear function of the mean stress (0m) (Sauer 1977). 

T + u' on = T0 , (4) 

xoct = \ ~ u°m • (5) 



Table 2.  Dependence of Unreinforced Polymer Yield Strengths as a Function of Pressure 

Material Type of Test Reference 
Atmospheric 

Yield Strength 
(MPa) 

Slope 

POM compression Pae 1977 77.2 0.14 

POM tension Truss, Duckett, and 
Ward 1984 

73.1 0.13 

POM shear Pae 1977 50.3 0.07 

PP compression Pae 1977 50.3 0.07 

PP tension Truss, Duckett, and 
Ward 1984 

37.2 0.21 

PP compression Pae 1977 24.1 0.12 

PE tension Pae and Sauer 1970 26.2 0.094 

PTFE tension Pae and Sauer 1970 9.0 0.080 

PTFE compression Pae and Sauer 1970 14.1 0.094 

PC tension Pae and Sauer 1970 84.1 0.083 

PVC tension Pae and Sauer 1970 62.1 0.135 

PVC compression Pae and Sauer 1970 75.9 0.202 

CA tension Pae and Sauer 1970 41.4 0.196 

CA compression Pae and Sauer 1970 48.3 0.210 

Beeüe 811 
polyester 

compression Sigley, Wronski, 
and Parry 1992 

80.0 0.160 

Stypol 40-1077 
polyester 

compression Sigley, Wronski, 
and Parry 1992 

120.0 0.420 

epoxy compression Wronski and Pick 
1977 

88.0 0.707 

Cadell, Raghava, and Atkins (1974) and Pae and Bhateja (1975) proposed the following theory for 

yielding: 

(Oj - o2)
2 + (o2 - o3)

2 + (o3 - ot)
2 + 2(C - T)(0! + G2 + o3) = 2CT, (6) 



where C and T are the absolute values of the compressive and tensile yield strengths at atmospheric 

pressure. This yielding theory is significant because it accounts for the differences in the compressive and 

tensile yield strengths in most polymers. For example, the ratio of the compressive to tensile yield 

strength for polyoxymethylene (POM) is 1.16. This theory predicts that both the compressive and tensile 

yield strengths will increase linearly with increasing pressure. For materials which have equal tensile and 

compressive yield strengths, equation 6 becomes the pressure-independent von Mises criterion (Caddell, 

Raghava, and Atkins 1974). 

Hu and Pae (1963) proposed a yield theory for materials subject to hydrostatic pressure based on the 

stress invariants: 

n = 0 

where Jj = a^ (the first stress invariant), J2' = _c^a- , (the second stress invariant), and o^ are 

material constants. When n = 0, equation 7 is the von Mises yield criterion. When n = 1, equation 7 can 

be written as follows: 

Jh' = «o + alJl • (8) 

Equation 8 predicts that the yield stress will have the following linear dependence on hydrostatic pressure. 

ayield = ( ^_=)(a0 + 3 | a: | P) , (9) 
1 ± | ccj 11/3 

where the plus sign refers to the tensile case and the minus sign refers to the compressive (Pae and 

Bhateja 1975; Silano, Bhateja, and Pae 1974). It is important to note that equation 7 can be rewritten in 

the form of any of equations 4-6. 



Pae (1977) evaluated the yielding of POM and PP under hydrostatic pressure combined with uniaxial 

tension and compression and pure shear loading, and found that each yield stress showed a different 

pressure dependence. All three yield strengths increased with increasing hydrostatic pressure for both of 

the experimental materials. For POM, the shear yield strength increased at a rate of 0.068 times the 

hydrostatic pressure. The tensile yield strength increased at a rate of 0.12 times the hydrostatic pressure. 

The compressive yield strength increased at a rate of 0.13 times the hydrostatic pressure. The 3-D yield 

surfaces are shown in Figure 4 for POM and in Figure 5 for PP. Part a for each figure shows how the 

tensile, shear, and compressive yield stresses varied under hydrostatic pressure. Part b of each figure 

shows the intersection of the yield surface at atmospheric pressure with the 7t-plane, which is a hyperplane 

with a normal in the direction of the hydrostatic axis ( , , ) . Part c of each figure shows 
\/~3    \/~3    /~3 

the 2-D projection of the yield surfaces at zero pressure. Pae (1977) concluded that equation 7 could be 

used to predict the yield behavior of both materials, with n = 1 for POM and with n = 2 for PP. 

Wronski and Pick (1977) evaluated the yield criteria for two epoxy resins. Figure 6 shows the 2-D 

projection of the yield strength data for tensile and compressive tests under hydrostatic pressure, and 

Figure 7 shows the 2-D projection of the yield strength data for shear tests under hydrostatic pressure. 

Four curve fits are given in each of the figures. The cone fit corresponds to equation 5 (the modified 

von Mises theory), the paraboloid fit corresponds to equation 6 (the theory proposed by Cadell), the 

two-parameter pyramid corresponds to equation 4 (the Mohr-Coulomb theory), and the three-parameter 

pyramid is a modified version of the Mohr-Coulomb theory. The authors reported that the best fit was 

either the two-parameter or three-parameter pyramid model (Wronski and Pick 1977). 

2.3 Fracture Properties. The fracture properties of the polymers that were studied varied depending 

on the failure mechanisms in the materials and the test conditions. The ultimate tensile strengths 

(maximum stress) of the polymers always increased with increasing hydrostatic pressure. Sauer (1977) 

attributed this to the effects of pressure on molecular mobility. At high pressures the molecular chains 

are forced closer together, decreasing mobility, so that higher stresses are necessary to produce a given 

strain (Sauer 1977). The ultimate strength is often affected by pressure in the same manner as the yield 

strength. In PP (Sauer 1977; Yoon, Pae, and Sauer 1976) and PTFE (Sauer 1977), the fracture strength 

increased proportionally to the yield strength. However, in other polymers the effects of pressure on the 

fracture strength depended on the dominant failure mechanisms. Pae and Bhateja (1975) and Sauer, Pae, 

10 
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and Bhateja (1975) found that the compressive fracture strength of poly-p-oxybenzoyl (Ekonol) increased 

at a high rate between pressures of atmospheric, and about 300 MPa (44 ksi) when the failure was 

primarily shear. At higher pressures the failure mode changed to axial cleavage, and the strength did not 

increase at as high of a rate. 

While the elastic modulus yield strength and fracture strength of most polymers increase with 

increasing hydrostatic pressure, the effects of pressure on the fracture strain vary between polymers, 

depending on the deformation mechanisms and testing environment. In general, high pressure suppresses 

deformation mechanisms that cause an increase in volume in the polymer, and does not affect mechanisms 

which are constant volume processes. 

Crazing, which is a dominate deformation mechanism in many polymers at atmospheric pressure, is 

almost completely eliminated under high pressure. Gol'dman, Mesh, and Korchagin (1985) used small 

angle x-ray scattering (SAXRS) to analyze the density of deformed regions in high-density polyethylene 

tested at pressures between atmospheric and 200 MPa (29 ksi). At atmospheric pressure the material 

deformed through craze formation and the fracture surface showed a great deal of stress whitening. The 

density of the deformed material was approximately half of the undeformed polymer. When the material 

was tested under hydrostatic pressure, the crazing and stress whitening were eliminated at pressures above 

20 MPa (2.9 ksi) and the density of the material at the fracture surface was almost equal to the 

undeformed polymer. The density of the deformed material did not vary with test pressure at pressures 

greater than 20 MPa (Gol'dman, Mesh, and Korchagin). 

High pressure can also inhibit the formation and growth of cracks in polymers. Sauer (1977) reported 

that the surface energy g, associated with fracture surfaces, increases with increasing pressure. This 

increases the amount of work needed to cause a crack to form and grow in the material. When brittle 

crack growth is inhibited, the material can deform plasmically prior to failure. For example, POM is 

brittle at atmospheric pressure because of the presence of flaws; however, at high pressures the flaws do 

not grow and the material deforms plasmically and shows large increases in strain to failure (Silano, 

Bhateja, and Pae 1974). 

While the pressure can suppress crack initiation, it also raises the yield stress and inhibits local 

yielding in the polymer. Since local yielding is often desirable because it slows crack growth, the 

suppression of yielding can make the material more brittle. When cellulose acetate, a ductile polymer at 
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atmospheric pressure, was tested under hydrostatic pressure it became much more brittle, and the strain 

to failure decreased with increasing pressure (Pae and Sauer 1970). 

Sweeney, Duckett, and Ward evaluated the effects of hydrostatic pressure on crack growth by testing 

the fracture toughness of notched tension (1988), and notched torsion (1986; Sweeney et al. 1985) 

specimens of oriented polyethylene at high hydrostatic pressure. The authors found that pressures of 

400 MPa (58 ksi) raised the yield strength of the materials so that there was no plastic zone in front of 

the growing crack tip. Therefore, the fracture toughness was much lower than at atmospheric pressure. 

However, at higher pressures (between 400 MPa and 1 GPa), the fracture toughness did not appear to vary 

with the hydrostatic pressure. In a study on the effects of pressure on notched polyvinyl chloride (PVC) 

(Sweeney, Duckett, and Ward 1985), the authors found that while the PVC showed extensive stress 

whitening at atmospheric pressure, plastic deformation was completely eliminated at hydrostatic pressures 

of 250 MPa (36 ksi). The fracture toughness of the PVC was much lower at 250 MPa (36 ksi) than at 

atmospheric pressure; however, at higher pressures (between 250 MPa and 1 GPa), the fracture toughness 

increased with increasing pressure. 

Since crazing, local yielding, and cracking all interact during the plastic deformation of most polymers 

and hydrostatic pressure affects each mechanism in a different manner, the pressure can have several 

effects on the strain to failure for single polymers. PVC (Pae and Sauer 1970), polyurethane (Silano, 

Bhateja, and Pae 1974), and polystyrene (Pae and Bhateja 1975) all display a ductile-brittle-ductile 

transition: they are ductile at atmospheric pressure, behave in a brittle manner at higher pressures, then 

become more ductile at even higher pressures. Biglione, Baer, and Radcliffe (1969) evaluated this 

transition by studying the tensile behavior of unreinforced polystyrene, high-impact polystyrene (HIPS), 

and acrylonitrile-butadiene-styrene (ABS) under hydrostatic pressure. They found that at atmospheric 

pressure all of these materials deform by forming crazes which can blunt cracks growing from flaws. At 

higher pressures the crazes were suppressed, and the failure was brittle from the small cracks and inherent 

flaws in the polymers. At higher pressures the crack growth was slowed by the hydrostatic pressure, and 

the materials were able to deform to a greater extent than under atmospheric conditions (Biglione, Baer, 

and Radcliffe 1969). 
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2.4 Effects of Polymer Properties on Composite Properties. Sections 2.1 through 2.3 have shown that 

the properties of polymers show considerable changes when they are tested under hydrostatic pressure. 

Figure 8 shows the effect of hydrostatic pressure on the compressive stress-strain behavior of an epoxy 

resin, which is used extensively as a matrix material in high-performance composites. Notice that the 

modulus, yield strength, and fracture strength all increase with increasing hydrostatic pressure. 
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Figure 8.  Effect of pressure on the compressive stress-strain behavior of an epoxy resin. 

In a fiber-reinforced-epoxy composite, the modulus of the fibers is usually much higher than the 

modulus of the matrix and the fibers show very little pressure dependence. The rule of mixtures 

(equation 10) predicts that the changes in the matrix modulus will have little effect on the composite 

modulus (Agarwal and Broutman 1980). However, as will be shown in section 3, the strength and fracture 

properties of composite materials show significant pressure-induced effects. These effects are due to the 

effects of the matrix materials on the micromechanics of fracture in the composite materials. The 

increased modulus and yield strength of the polymers limits localized plastic deformation in the composite 

materials, making them more resistant to localized fiber buckling and kinking in compression. However, 

the increased yield strength also decreases the toughness of the matrix material, decreasing the amount 

of crack blunting that can occur in the composite materials. 

Ec = Ef
Vf+EmVm (10) 
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3.  EFFECTS OF HYDROSTATIC PRESSURE ON THE MECHANICAL BEHAVIOR OF 
COMPOSITE MATERIALS 

3.1 Compression of Composite Materials. The first study of the effects of hydrostatic pressure on 

composite materials was conducted by Weaver and Williams (1975), who investigated the compression 

response of carbon-epoxy composites under hydrostatic pressure. The composites consisted of Modmur 

Type II carbon fibers (36% volume fraction) in an Epikote 828 epoxy resin. The material was pultruded 

into 5-mm-diameter rods, which were subsequently cut into 10-mm unidirectional test specimens. The 

authors reported that the fibers were not well aligned or uniformly distributed, so that the strengths of the 

materials were less than those of well-aligned specimens. 

The specimens were tested in an apparatus designed by Heard (1963), which was capable of applying 

hydrostatic pressures of up to 500 MPa (72.5 ksi). Ethyl alcohol was used as the confining fluid. To 

protect the specimens from the confining fluid they were sealed in a rubber sleeve and surrounded by an 

annealed copper jacket (0.25 mm thick). The pressure to deform the rubber and copper jackets was 

considered small compared to the load carried by the test specimen. The specimens were end loaded in 

uniaxial fiber compression at a rate of 0.125 mm/min while exposed to the hydrostatic pressure of the 

confining fluid. The axial load on the specimens was measured through an internal load cell, and the 

deformation was measured from the displacement of the deforming piston (Weaver and Williams 1975). 

Stress vs. strain curves for the composites under hydrostatic pressure are shown in Figure 9. The 

behavior of the composites appears to be fiber dominated at all pressures, and no plastic deformation is 

observed in the specimens. The elastic moduli do not appear to change with pressure, but strength and 

the strain to failure increase with increasing pressure. At atmospheric pressure the average failure stress 

is 511 MPa (74 ksi) and the strain to failure is about 2%. At 500-MPa (72.5 ksi) hydrostatic pressure, 

the failure strain is approximately 4% and the compressive strength is approximately 1,100 MPa (160 ksi). 

The materials exhibited a bilinear pressure dependence. For pressures up to 100 MPa (14.5 ksi), the 

uniaxial compressive strength increases at a rate of 3.2 times the applied hydrostatic pressure. For 

pressures between 100 MPa and 500 MPa (72.5 ksi), the compressive strength increases at a rate of 

1.0 times the applied pressure (Weaver and Williams 1975). 

The observed failure modes for the composites changed with increasing pressure. At atmospheric 

pressure the specimens generally failed by longitudinal splitting and brooming at the ends.   At higher 
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Figure 9.  Stress-strain curves for a carbon-fiber-reinforced-epoxy composite 
deformed in compression under hydrostatic pressure. 

pressures the splitting was generally contained and the deformation occurred in localized bands across the 

specimens. The deformed regions were due to fiber kinking and transverse cracking. In the kinked 

regions the fibers fractured in several places due to the bending. The length of the broken fibers decreased 

with increasing pressure. At atmospheric pressure the average fiber segment was 0.07 mm in length; at 

500-MPa (72.5 ksi) hydrostatic pressure the average fiber segment was 0.02 mm in length (Weaver and 

Williams 1975). 

The authors reported that while they do not believe that the fiber properties changed with increasing 

pressure, the elastic modulus and the yield strength of the epoxy both increased over 30% between 

atmospheric pressure, and 500 MPa of hydrostatic pressure. This indicated that the change of strength in 

the composite may have been due to the effect of the stiffer matrix on fiber kinking (Weaver and Williams 

1975). 

Wronski, Parry, and Sigley at the University of Bradford in West Yorkshire England studied the 

effects of hydrostatic pressure on the tensile, compressive, and shear properties of glass- and carbon-fiber- 

reinforced composites. Like Weaver and Williams, all of the testing by Wronski et al. was conducted on 



pultruded unidirectional composite specimens so the fibers were not always aligned well. The specimens 

were tested in a pressure cell which was capable of applying pressures up to 300 MPa (43.5 ksi), using 

Plexol (a synthetic diester) as the pressurizing fluid. Loads were applied to the specimens using a 

universal testing machine, and were measured with a load cell located outside of the pressure cell, so the 

final results had to be corrected for the frictional forces at the pressure cell seals. To do this, the authors 

assumed that friction was constant throughout the hydrostatic region investigated (Parry and Wronski 

1985). 

In their first study, Parry and Wronski (1979,1981) investigated the flexure properties of beams made 

of epoxy reinforced with 60% carbon fibers. They found that at atmospheric pressure, failure was initiated 

by fiber kinking on the compressive surface of the beams. When the beams were tested under hydrostatic 

pressure the strength increased with increasing pressure, and at pressures between 150 MPa and 300 MPa 

(22 and 44 ksi), the failure mode changed to tensile. The strength of the test specimens also increased 

with increasing pressure for the tensile-dominated failure modes, but not at as high of a rate as the 

compression-dominated modes (Parry and Wronski 1979, 1981). 

Later, Parry and Wronski (1982) studied the behavior of epoxy reinforced with 60% volume fraction 

carbon fibers in pure compressive tests. Specimens were cut from pultruded rods, then machined into dog 

bone shapes and tested in the fiber direction. The compressive strength was 1,500 MPa (218 ksi) at 

atmospheric pressure and increased bilinearly with increasing pressure. For hydrostatic pressures between 

atmospheric and 150 MPa (22 ksi), the uniaxial fiber direction strength increased at a rate of 0.6 times 

the applied pressure. For pressures greater than 150 MPa, the fiber direction strength increased at a rate 

of 3.2 times the applied pressure. The observed failure mode also changed with increasing pressure. 

Between atmospheric pressure and 150 MPa, fracture appeared to have initiated from longitudinal splitting 

and was followed by fiber kinking. At higher pressures the main failure mechanism was fiber kinking 

leading to fiber fracture. The fiber fracture length was between 100 pm and 400 urn, much longer than 

those predicted by Weaver and Williams (1975) for kinking. This led Parry and Wronski to conclude that 

much of the fiber fracture in Weaver and Williams' work occurred after the failure of the composite due 

to buckling of the fracture surfaces (Parry and Wronski 1982). 

Wronski and Parry (1982) also evaluated the longitudinal compressive strength of epoxy reinforced 

with 60% volume glass fibers under hydrostatic pressure. Test specimens were prepared in the same 

manner as in the previous papers (Parry and Wronski 1982).   The specimens were loaded in uniaxial 
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compression at a rate of 0.1 mm/min. The longitudinal compressive strength at atmospheric pressure was 

1.15 GPa (162 ksi) and increased at a rate of 3.5 times the applied hydrostatic pressure. At all pressures 

the failures appeared to be due to kink band formation leading to fiber fracture. Specimens that failed by 

kink band formation showed a pressure dependence similar to that shown by the carbon-fiber-reinforced 

specimens that failed through kinking (those that were tested at pressures greater than 150 MPa). This 

led Wronski and Parry to conclude that kinking shows a much stronger pressure dependence than bundle 

buckling, so that when kinking became the dominant failure mechanism, the pressure dependence of the 

longitudinal compressive strength changed at a higher rate (Wronski and Parry 1982). 

Sigley, Wronski, and Parry (1992) evaluated the longitudinal compressive strength of pultruded-glass- 

fiber (52% volume fraction)-reinforced polyester under hydrostatic pressure. Dog bone tensile specimens 

were manufactured from pultruded rods. These specimens were end loaded at a rate of 0.1 mm/min. 

Several specimens showed interfacial attack due to the Plexol pressurizing fluid, while the remaining 

specimens were enclosed in a rubber tubing to prevent the fluid from interacting with the composite. 

Three variations of the glass/polyester were evaluated. The first was a Stypol 40-1077 polyester 

reinforced with 28 x 2400 Equerove glass fiber, and 25% talc as filler. The longitudinal compressive 

strength at atmospheric pressure for this material was 780 MPa (113 ksi), and the strength increased at 

a rate of 2.73 times the applied pressure. The second material was a Beetle 811 polyester reinforced with 

18 x 2400 tex* ECR 1688 glass fiber and 10% calcium carbonate. This material had a longitudinal 

compressive strength of 380 MPa (55 ksi) at atmospheric pressure and increased at a rate of 2.0 times the 

applied hydrostatic pressure. The third material was a Beetle 811 polyester reinforced with 9 x 4800 tex 

ECR 1688 glass fiber and 10% calcium carbonate. The longitudinal compressive strength of this material 

(450 MPa at atmospheric pressure) increased at a rate of 3.7 times the applied hydrostatic pressure. All 

of the failure modes exhibited kink band formation followed by fracture along the kink. The fracture 

surfaces were generally flat and oriented at an angle of 25° to the axis of the fibers (Sigley, Wronski, and 

Parry 1992). 

The yield stresses for the two matrix materials were also evaluated. The yield stress of the Stypol 

40-1077 polyester with 25% talc was 120 MPa (17.4 ksi) at atmospheric pressure and increased at a rate 

of 0.42 times the applied hydrostatic pressure. For the Beetle 811 polyester the yield stress was 80 MPa 

A fiber designation. 
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(11.6 ksi) at atmospheric pressure, increased at a rate of 0.16 times the hydrostatic pressure up to 150 MPa 

(22 ksi), and was constant at higher pressures. The modulus and yield strain increased slightly for the 

Stypol polyester (0.1% times the hydrostatic pressure and 0.26% times the hydrostatic pressure, 

respectively), but there was no apparent effect on these properties in the other polymer (Sigley, Wronski, 

and Parry 1992). 

Sigley, Wronski, and Parry (1992) analyzed three failure theories for a composite under hydrostatic 

pressure, H, with an additional stress, oA, in the fiber direction as shown in Figure 10. First they 

considered that failure is controlled by the axial compressive strain (as proposed by Steif [1990]). The 

strain in the fiber direction can be described by equation 11: 

2Hv, 
ei = (11) 

02 = a = H 

o\ = i + H 

r2 = C73 = H 

1 
A 

*-? 
<7i   =   0\  + H 

Figure 10.  A composite under hydrostatic pressure with an additional stress in the fiber direction. 

where Ej is the longitudinal elastic modulus, Et is the transverse elastic modulus, and x>ü is the Poisson's 

ratio in the transverse-longitudinal direction. The stress in the fiber direction can then be described by 

equation 12: 

Oj = E^ + 2H 
^ 

JS 
u„ (12) 

Assuming that El = 5Et, and vü = 0.05, the predicted slope is approximately 0.5, much lower than those 

observed experimentally (Sigley, Wronski, and Parry 1992). 
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Sigley, Wronski, and Parry (1992) then analyzed failure controlled by the transverse tensile strains. 

The strain in the transverse direction can be described by equation 13: 

et = 
H _ H^ _ o1i)lt 

C<» £-<*- JEM 

(13) 

The longitudinal direction stress can then be explicitly defined as: 

Oj = H 
E^l - V 

vnEt 

El£t 

V 
(14) 

it 

Assuming i)tt = 0.3 and vlt = 0.15, equation 14 gives a pressure dependence of 23.3, much higher than 

measured (Sigley, Wronski, and Parry 1992). 

Finally, Sigley, Wronski, and Parry (1992) derived the pressure dependence due to the transverse 

deviatoric strain which is given by equation 15: 

eD - ^ ~ eH (15) 

where the hydrostatic strain is described by equation 16: 

eH = 
2H(1 - vu)       2Hvtl       20lvlt       Oj 

3Er 3Et 3Ej 3E2 
(16) 

Substituting equation 16 into 15 yields an expression for the deviatoric strain: 

eD = 
H (1 - vn)      2Hvü ^ CjVjt ^   Gj 

3E, 3Et 3Et        3Ej 
(17) 
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Solving explicitly for the longitudinal direction stress as a function of the hydrostatic stress, 

El(l-vtt + 2vtl)H_       3El 
1 Et(l +v,t) (1 +Vlt)   ° 

If vn = 0.3, equation 18 would show that the strength in the longitudinal fiber direction could be increased 

at a rate of 3.5 times the applied hydrostatic pressure, which was similar to Sigley, Wronski, and Parry's 

experimental results. It was then proposed that bundle debonding was the critical stage in failure, and 

once that process had taken place, bundle buckling occurred immediately (Sigley, Wronski, and Parry 

1992). 

Wronski and Howard (1979) evaluated the tensile and the compressive strength of nickel reinforced 

with 53% carbon fibers. The longitudinal compressive strength of the material at atmospheric pressure 

was 930 MPa (135 ksi). Under hydrostatic pressure the strength increased at a rate of 2.9 times the 

applied pressure up to 100 MPa (14.5 ksi). The failure mode between atmospheric and 100-MPa pressure 

was by fiber kinking. At higher pressures the failure mode changed to longitudinal splitting of the 

composite and the strength increased at a rate of 1.0 times the applied pressure (Wronski and Howard 

1979). 

3.2 Tensile Properties. Parry and Wronski (1985) evaluated the tensile strength of epoxy reinforced 

with carbon and glass fibers (both were 60% volume fraction) (1986) under hydrostatic pressure. For both 

materials, the specimens were machined into dog bone shapes from pultruded rods, and tested in tension 

in the fiber direction under hydrostatic pressure using the test facility described for the compressive tests 

by Parry and Wronski (1982). For the carbon-fiber-reinforced materials the tensile strength was 

approximately 2.0 GPa (290 ksi) at atmospheric pressure, and decreased at a rate of 2.0 times the 

hydrostatic pressure up to 150 MPa, then did not vary with higher pressures. The strain to failure also 

decreased with increasing pressures. At atmospheric pressure the material showed elastic response up to 

1.2 GPa (174 ksi) and nonlinear response, suggesting progressive failure at higher stresses. At 150-MPa 

applied hydrostatic pressure the material did not show departure from linear behavior until 1.5 GPa 

(218 ksi) and showed less nonlinear deformation prior to failure. At 300-MPa hydrostatic pressure the 

material did not show any nonlinear deformation prior to failure (Parry and Wronski 1985). 
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For the glass-fiber-reinforced materials, the longitudinal tensile strength was 1.7 GPa (247 ksi) at 

atmospheric pressure and decreased linearly to 1.3 GPa (189 ksi) at 250 MPa (a slope of 1.6 times the 

hydrostatic pressure). At higher pressures, the strength appeared to be independent of the pressure. The 

limit of proportionality (limit of elastic behavior) increased linearly with increasing hydrostatic pressure 

from 0.95 GPa at atmospheric pressures to 1.25 GPa at 300 MPa (a slope of 1.0), so that the material 

became much more brittle at high pressures. The fracture surface also changed with increasing pressure. 

At low pressures there was a large amount of fiber pullout as the fibers were fractured at different 

locations in the specimen gage length. At higher pressures the surface became much flatter and there was 

less fiber pullout, indicating that failure was more catastrophic (Parry and Wronski 1986). 

Experimental observation was made on both materials as explained in terms of the effects of 

delamination on tensile strength. In tensile tests at atmospheric pressure, when a fiber bundle breaks, the 

bundle will usually debond from the surrounding matrix. This isolates the crack from the rest of the 

composite and allows the load to be redistributed into the surrounding fibers. Under high hydrostatic 

pressure, delamination is suppressed by the large compressive transverse stresses so the crack tip is not 

blunted from the rest of the material. The stress redistribution between fiber bundles is then suppressed, 

and the composite fails in a more brittle manner. At high pressures the strengths of both composites do 

not decrease any more because the matrix becomes completely brittle, and the strength is a function of 

the minimum fiber bundle strength which is not pressure dependent (Parry and Wronski 1986). 

Sigley, Wronski, and Parry (1991) evaluated the tensile properties under hydrostatic pressure of five 

pultruded-glass-fiber (52% volume fraction)-reinforced composite systems in the fiber direction. For all 

of the composite systems the tensile fracture strength was initially between 650 and 760 MPa and 

decreased at a rate between 0.63 and 1.17 times the imposed hydrostatic pressure. The behavior of these 

five composites under hydrostatic pressure is summarized in Table 4. For each of the materials the limit 

of proportionality increased, and the amount of fiber pullout decreased with increasing pressure so that 

failure became more brittle at high pressures. However, unlike the carbon-and-glass fiber-reinforced-epoxy 

composites mentioned previously, the strength of the polyester matrix composites did not "level off' at 

high pressures. Sigley, Wronski, and Parry (1991) also reported that this may indicate that the strength 

of glass fiber bundles may not be independent of hydrostatic pressure, as assumed by Parry and Wronski 

(1986). Rather, the ultimate strength of the glass fibers may have been controlled by the ultimate strain 

of the fibers. Under high hydrostatic pressure the transverse stresses cause Poisson's expansion in the 

principal material direction, increasing the total strain, so that the fibers failed at a lower stress (Sigley, 

Wronski, and Parry 1991). 
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Parry and Wronski (1990) investigated the effects of hydrostatic pressure on the transverse tensile 

strength of glass- and carbon-fiber-reinforced epoxy by loading disc-shaped samples in diametral 

compression. The cylinders were loaded perpendicular to the fiber axis, as shown in Figure 11. Both the 

glass- and carbon-fiber-reinforced-epoxy samples failed by matrix yielding leading to matrix cracking in 

the direction to the applied load (in Figure 11, the specimen would fail along a vertical line through the 

center of the specimen). For glass-fiber-reinforced materials, the transverse strength was 25 MPa (3.6 ksi) 

at atmospheric pressure and increased at a rate of 0.1 times the hydrostatic pressure. For the carbon-fiber- 

reinforced composites, the transverse strength was 45 MPa (6.5 ksi) at atmospheric pressure and also 

increased at a rate of 0.1 times the hydrostatic pressure. 

±JL4 
Load is applied perpendicular 
to the fiber direction 

Figure 11.  Diametrical compression test. 

Yuan et al. (1984) studied the effects of hydrostatic pressure on the tensile behavior of short-glass- 

fiber-reinforced PVC. The authors tested unreinforced PVC, as well as composites with 10%, 20%, and 

30% glass fibers under pressures ranging between atmospheric and 300 MPa (44 ksi). The specimens 

were injection molded, and the average fiber length was 0.46 mm for the 10% volume fraction and 

0.37 mm for the 20% and 30% volume fractions. The specimens were sheathed in Teflon tape and tested 

in a test chamber which used silicon oil as the pressure transmitting fluid (Yuan et al. 1984). 

The moduli of all four experimental materials increased linearly with increasing pressure. The 

unreinforced PVC had a slope of 3.0; the 10%, 20%, and 30% volume fraction composites had slopes of 

3.4, 4.5, and 5.0, respectively. The authors found that the hydrostatic pressure had a minimal effect on 

the properties of the glass fibers. Thus, the increase in moduli for the composites was due to enhanced 

adhesion at the interface and improved stress transfer to the fibers. The ductility of the composites 

increased with increasing hydrostatic pressure, such that the fracture mode changed from brittle to ductile. 

The ultimate and yield strengths of the unreinforced polymer and the composites also increased with 
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increasing pressure, although the slopes of the hydrostatic pressure vs. strength curves were not given 

(Yuan et al. 1984). 

Wronski and Howard (1979) evaluated the longitudinal tensile and compressive strengths of nickel 

reinforced with 53% by volume carbon fibers. The tensile strength of the material at atmospheric pressure 

was 750 MPa (109 ksi) and did not change when tested under hydrostatic pressure. The tensile failures 

observed were initiated by fracture of the fibers, followed by fracture of the nickel matrix. Between 

atmospheric and 140-MPa pressure the nickel matrix failed through necking and transgranular shear. At 

higher pressures the nickel failed by intergranular parting. The tensile properties of the nickel matrix were 

also evaluated under hydrostatic pressure. The yield strength of the nickel (270 MPa at atmospheric 

pressure) did not change with increasing hydrostatic pressure (Wronski and Howard 1979). 

Lewandowski et al. (Lewandowski, Liu, and Liu 1991; Liu, Manoharan, and Lewandowski 1989a, 

1989b) evaluated the effects of hydrostatic pressure on the tensile behavior of two aluminum alloy 

systems; one unreinforced, and one reinforced with silicon carbide fibers (15% by volume). The 

composites and the unreinforced alloys were tested in underaged and overaged conditions at atmospheric 

pressure and at hydrostatic pressures of 150 and 300 MPa. The tensile strength of the underaged alloy 

decreased from 683 MPa (100 ksi) at atmospheric pressure to 436 MPa (63 ksi) at an applied hydrostatic 

pressure of 300 MPa. The strength of the overaged alloy decreased from 572 MPa (83 ksi) at atmospheric 

pressure to 560 MPa (81 ksi) at 300-MPa applied hydrostatic pressure. Both systems exhibited an increase 

in ductility and strength when tested under hydrostatic pressure. The strength of the underaged composite 

increased from 510 MPa (74 ksi) at atmospheric pressure to 719 MPa (104 ksi) at an applied hydrostatic 

pressure of 300 MPa. The strain to failure of this composite system increased from 10% to 45%. The 

strength of the overaged composite increased from 482 MPa to 552 MPa (70 to 80 ksi). The strain to 

failure also increased from 12% to 65%. The fracture surfaces of both composites changed from Mode I 

at atmospheric pressure to shear failure at 300-MPa hydrostatic pressure (Liu, Manoharan, and 

Lewandowski 1989b). 

3.3 Shear Behavior. 

3.3.1 In-Plane Shear. Parry and Wronski (1982) studied the interlaminar shear strength of epoxy 

reinforced with 60% volume fraction carbon fibers and later the interlaminar shear strength of epoxy 

reinforced with 60% glass fibers (Wronski and Parry 1982).   In-plane shear tests were conducted on 
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double-notch shear specimens with notches cut perpendicular to the fiber direction. The specimens were 

loaded in the fiber direction as shown in Figure 12. For the carbon-fiber-reinforced specimens the shear 

strength was 75 MPa at atmospheric pressure and increased at a rate of 0.25 times the hydrostatic pressure 

up to 150 MPa. At higher pressures the shear strength increased at a higher rate; however, the mode of 

failure changed to kinking of the fibers so that the failure was no longer shear, so instead the test could 

be described as a notched compressive test (Parry and Wronski 1982). 

ili 
Notches cut half way 
into the specimen 

TTT 
Figure 12.  In-plane shear test. 

For the glass-fiber-reinforced specimens, the in-plane shear strength was 42 MPa at atmospheric 

pressure and increased at a rate of 0.2 times the applied hydrostatic pressure. The failure mode was shear 

at all pressures. The authors indicated that in the carbon-fiber-reinforced epoxy under high hydrostatic 

pressure, the stresses were high enough to initiate matrix yielding, then kinking of the fibers, thus causing 

the failure to be compressive. In the glass-fiber-reinforced composites, the stresses were much lower and 

shear failure occurred prior to matrix yielding (Parry and Wronski 1982) . 

3.3.2 Torsional Shear. Shin and Pae (1992b), and later, Weng and Pae (1992) studied the mechanical 

response of graphite-fiber (60% volume fraction)-reinforced epoxy and unreinforced epoxy specimens 

tested in torsion at hydrostatic pressures up to 700 MPa (102 ksi). Several specimen configurations were 

examined, including the following: unreinforced epoxy specimens, 0° laminated specimens (Shin and Pae 

1992b), and +45°, -45°, and 90° filament-wound specimens (Shin and Pae 1992a). The composites were 

manufactured from Scotchply SP-319 preimpregnated tape, which contained Thornel 300 graphite fibers 

and PR-319 epoxy. The 0° test specimens were prepared from 0.5-in-thick laminates cut as rectangular 

specimens, then the gage sections were machined into an hourglass shape. The centers of the specimens 

were drilled out to prevent a site of high stress concentration during the torsional testing. A diagram of 
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the test specimen is shown in Figure 13. The other composite test specimens were filament wound onto 

a copper mandrel, which was removed prior to testing. All specimens were dipped in a rubber 

latex/toluene solution to prevent interaction with the pressurizing fluid (Dow Corning 200 silicon oil). 

The testing apparatus (described in detail in Shin and Pae [1992b]) provided for constant hydrostatic 

pressure during all testing and allowed the test specimens to move freely so that torsional loads could be 

applied independent of axial loads. 

J^ 
o 

from Shin & Pae, J. of Composite 
Materials, V.26, n.4, p.475 (1992) 

Figure 13.  Composite torsional test specimen. 

In all of the composites and unreinforced epoxy the shear strength, shear modulus, and shear strain 

to failure increased with increasing hydrostatic pressure. The properties generally showed a bilinear curve 

with respect to hydrostatic pressure increasing at a high linear rate up to 200 MPa (29 ksi), then increasing 

at a lower linear rate at pressures above 200 MPa. The transition point at 200 MPa was attributed to the 

hydrostatic-pressure-induced shifting of the glass transition of the epoxy (Pae and Bhateja 1975; Shin and 

Pae 1992b; Shin and Pae 1992a; Sauer 1977). 

The unreinforced epoxy behaved in a brittle manner at hydrostatic pressures less than 100 MPa 

(14.5 ksi), where all specimens failed catastrophically. At higher pressures the epoxy showed some 

nonlinear response at higher stresses, and the final failure was usually due to a single crack at 45° to the 

longitudinal axis (along the plane of maximum tensile stress). These changes in the failure behavior 

indicated that the higher pressure suppressed the initiation and growth of cracks in the material, allowing 

the material to deform through shear yielding prior to failure. The strength of the epoxy increased at a 

rate of 0.1 times the hydrostatic pressure up to 200 MPa. At higher pressures the strength of the epoxy 

increased at 0.033 times the pressure. 

The unidirectional (0°) systems also showed increasing nonlinear deformation and strength with 

increasing pressure. Shear stress vs. shear strain curves for the composites tested under several levels of 

hydrostatic pressure are shown in Figure 14. The strength of the specimens were 71 MPa at atmospheric 
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Figure 14.  Shear stress vs. shear strain curves for torsional test on 
unidirectional-graphite-fiber-reinforced epoxy. 

pressure and increased at a rate of 0.17 times the applied hydrostatic pressure. At pressures greater than 

400 MPa, the specimens deformed through over 50° of rotation. This caused a change in failure mode 

from fiber-matrix-dominated failure to fiber fracture. The specimens that failed in a fiber-dominated mode 

had an average strength of 228 MPa, which did not appear to vary with hydrostatic pressure. The shear 

modulus of the 0° specimens increased from 1.07 GPa at atmospheric pressure at a rate of 0.26 times the 

applied hydrostatic pressure up to 200 MPa and 0.21 times the applied pressure at higher pressures (Shin 

and Pae 1992b). 

When 90° specimens are loaded in torsional shear the local stresses should be the same as those on 

the 0° specimens. However, as noted above, the 0° and 90° specimens were manufactured through 

different techniques, and this may account for significant differences in the observed mechanical 

properties. The average strength of the 90° samples was 100 MPa (14.5 ksi) at atmospheric pressure and 

increased at a rate of 0.121 times the applied pressure at pressures up to 200 MPa. At higher pressures 

the strength increased at a rate of 0.046 times the applied pressure. The shear modulus increased at a rate 

of 0.24 up to 200-MPa applied hydrostatic pressure, and 0.22 from 200- to 600-MPa applied hydrostatic 

pressure, which was very close to the values found for the torsion tests on 0° specimens (Shin and Pae 

1992a). 
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When the +45° specimens were loaded in torsion there were tensile stresses in the fiber direction and 

compressive stresses transverse to the fibers. At low pressures the specimens failed by matrix-dominated 

cracking, and the strength was 167.5 MPa (24 ksi) at atmospheric pressure and increased at a rate of 

0.16 times the applied pressure. Specimens tested at higher pressures failed by a combination of fiber and 

matrix fracture, and the reported fracture strengths were much higher (approximately 250 MPa) (Shin and 

Pae 1992a). 

In the -45° specimens loaded in torsion, the principal tensile stress is transverse to the fiber direction 

and the mechanical properties are much lower than those of the +45° specimens. All of the 

-45° specimens failed through matrix cracking. The shear strength was 21 MPa at atmospheric pressure 

and increased at a rate of 0.09 times the applied pressure up to an applied hydrostatic pressure of 

200 MPa, and 0.04 times the applied pressure at higher pressures (Shin and Pae 1992a). 

4.  DISCUSSION 

High hydrostatic pressure can affect a composite in several ways. First, it can affect the individual 

constituents. Most of the polymers discussed in section 2 of this report show a strong pressure 

dependence with the strength, stiffness, and yield strength increasing with increasing hydrostatic pressure. 

Most studies have indicated that pressure has no or very little effect on the glass or graphite fibers 

themselves. The only exception to this is the article by Sigley, Wronski, and Parry (1991), which reported 

that the glass fibers were weak in tension under hydrostatic pressure due to the high transverse stresses. 

A second effect of the pressure is that it increases the interfacial normal and shear stresses, thus increasing 

the adhesion between the fibers and the matrix. Finally, the hydrostatic pressure can reduce the influence 

of flaws such as microcracks, voids, and delaminations in composites by effectively closing the flaws and 

increasing the amount of work needed for crack growth (Shin and Pae 1992a). 

4.1 Compression Behavior. The compressive behavior of composites, as described in section 3.1, 

shows a stronger dependence on the hydrostatic pressure than either the tensile or shear properties. 

Table 3 contains a summary of the atmospheric compressive strengths of these materials and the slopes 

of the strength vs. applied pressure curves. Figure 15 shows these results graphically. It is noted that all 

of the polymer matrix composites evaluated were unidirectional and made through pultrusion. This 

process can cause poor fiber placement Oarge amounts of fibers in bundles or poorly aligned fibers) in 

the final specimen.  The properties of these composites under hydrostatic pressure may not be the same 
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Table 3. The Effects of Hydrostatic Pressure on the Compressive Strengths of Composites 

Matrix Fiber 

(Vf) 

Reference 
Atm. 

Strength 
(MPa) 

Slope 1 
(mode) Inflection 

(MPa) 

Slope 2 
(mode) 

epoxy carbon 
(36%) 

Weaver and 
Williams 1975 

511 3.2 
(splitting) 

100 1.0 
(kinking) 

epoxy carbon 
(60%) 

Parry and 
Wronski 1982 

1,500 0.6 
(splitting 

150 3.2 
(kinking) 

epoxy glass 
(60%) 

Parry and 
Wronski 1982 

1,150 3.5 
(kinking) 

— — 

Stypol 40-1077 
polyester (yield 

strength) 
— 

Sigley, 
Wronski, and 
Parry 1992 

120 0.42 — — 

Stypol 40-1077 
polyester 

28 x 2,400 
Equerove glass 

(52%) 

Sigley, 
Wronski, and 
Parry 1992 

780 2.73 
(kinking) — — 

Beetle 811 
polyester 

(yield strength) 
— 

Sigley, 
Wronski, and 
Parry 1992 

80 0.16 
— — 

Beetle 811 
polyester 

19 x 2,400 tex 
ECR 1688 glass 

(52%) 

Sigley, 
Wronski, and 
Parry 1992 

380 2.0 
(kinking) — — 

Beetle 811 
polyester 

9 x 4,800 tex 
ECR 1688 glass 

(52%) 

Sigley, 
Wronski, and 
Parry 1992 

450 3.7 
(kinking) — — 

nickel Type II carbon 
(53%) 

Wronski and 
Howard 1979 

930 2.9 
(kinking) 

100 1.10 
(splitting) 

as those for composites with better fiber alignment In addition to this, all of the specimens tested were 

dog bone shaped, and loaded from the end. While these studies did not address the importance of 

specimen geometry on the test results, other studies (Camponeschi 1991) have indicated that compressive 

strength of composite materials is strongly dependent on specimen geometry. 

Several of the composites listed in Table 3 show a change in slope of the hydrostatic pressure vs. 

unidirectional compression strength curves. While this type of change in slope is attributed to a glass or 

secondary transition in the unreinforced polymer, in the composites this is attributed to a change in the 

failure mechanism. In an analysis of the compressive failure of composite, Piggott (1981) described six 

possible failure mechanisms. While each mechanism will be affected in a different manner, the 

mechanism with the lowest strength will dominate failure of the composite. 
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Figure 15.  Compressive strength vs. hydrostatic pressure for several 
continuous-fiber-reinforced composites. 

The two dominate failure mechanisms in the experimental work are splitting of the composite and 

fiber kinking leading to ultimate failure. In the work by Weaver and Williams (1975), the uniaxial 

compressive strengths of the composites that fail through kinking increase at a rate of 1.0 times the applied 

hydrostatic pressure, and the strengths of those that fail by splitting increase at a rate of 2.9 times the 

applied hydrostatic pressure. In the work by Wronski et al. (Sigley, Wronski, and Parry 1992; Parry and 

Wronski 1982; Wronski and Parry 1982; Wronski and Howard 1979), the strengths of composites that fail 

through kinking increase at rates between 2.0 and 3.5 times the hydrostatic pressure, and the strengths of 

those that fail by splitting increase at rates between 0.6 and 1.0. The changes in pressure dependence in 

these mechanisms may also be influenced by the different fiber volume fractions. Weaver and Williams 

(1975) worked with composite systems with 36% fiber volume fraction, and Wronski et al. (Sigley, 

Wronski, and Parry 1992; Parry and Wronski 1982; Wronski and Parry 1982; Wronski and Howard 1979) 

worked with systems with between 52% and 60% fiber volume fraction. 
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The increased strength of the composites could be due to several mechanisms. The increased stiffness 

and yield strength of the matrix would increase the stress necessary to initiate bundle buckling and kinking 

in the composite. Portelli et al. (1992) have shown that the compression strength of composites is strongly 

dependent on the modulus of the matrix. They found that by increasing the test temperature they reduced 

the shear modulus of the matrix and subsequently reduced the compressive strength of the composite 

material. Another important effect of the hydrostatic pressure is the high transverse stresses which 

increase the interfacial adhesion, making the composite more resistant to splitting failure. 

4.2 Tensile Behavior. The unidirectional tensile strengths of the composites reviewed, along with the 

slopes of the strength vs. hydrostatic pressure curves, are given in Table 4. These results are shown in 

Figure 16. Unlike the strengths of the unreinforced polymers and the compressive strengths of the 

composites, the tensile strengths of the composites do not always increase with increasing pressure. Parry 

and Wronski (1985, 1986) reported that the decrease in strength for the continuous-fiber-reinforced 

composites was due to the increased yield strength and corresponding decrease in toughness of the matrix 

material. Under high pressure the matrix becomes brittle and is not able to blunt cracks, so when one 

fiber bundle fails the entire composite fails catastrophically. The work by Wronski and Pick (1977) on 

carbon-fiber-reiriforced nickel reinforces this theory: the yield stress of the nickel matrix did not change 

under hydrostatic pressure, and the strength of the composite was also unaffected by pressure. It is 

important to note that while the tensile strength of the composites decreased with increasing pressure, the 

point of nonlinear response (due to first bundle failure) increased. Therefore, if the point of nonlinear 

response is considered to be the point of failure for a composite, then the failure criterion increases with 

increasing pressure. Since the strength of composites is often controlled by the minimum bundle strength, 

tension tests on composites with better fiber alignment and distribution may show a different pressure 

dependence than pultruded composite systems. 

In the short-fiber-reinforced PVC evaluated by Yuan et al. (1984) and the particle-reinforced alloys 

studied by Liu, Manoharan, and Lewandowski (1989b), the tensile strengths increased with increasing 

hydrostatic pressure. This is significant because the unreinforced PVC does not show as high of a 

pressure dependence as the fiber-reinforced PVC, and the strengths of the aluminum alloys actually 

decrease with increasing hydrostatic pressure. The strength of these systems must then increase due to 

the enhanced adhesion at the interfaces and the suppression of crack growth in the materials. 
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Table 4. The Effects of Hydrostatic Pressure on the Tensile Strengths of Composites 

Matrix Fiber 

(Vf) 

Reference Atm. Strength 
(MPa) 

Slope 1 Inflection 
(MPa) 

Slope 2 

epoxy carbon (60%) Parry and 
Wronski 1985 

2,000 -20 150 0.0 

epoxy glass (60%) Parry and 
Wronski 1986 

1,700 -1.6 250 0.0 

Stypol 40-1077 
polyester 

28 x 2,400 
Equerove glass 

(52%) 

Sigely, 
Wronski, and 
Parry 1991 

700 -0.75 — — 

Stypol 40-1077 
polyester 

28 x 2,400 
Equerove 

23/47 glass (52%) 

Sigley, 
Wronski, and 
Parry 1991 

650 -0.63 — — 

Stypol 40-1077 
polyester 

28 x 2,400 
R099 glass 

(52%) 

Sigley, 
Wronski, and 
Parry 1991 

660 -0.65 — — 

Beetle 811 
polyester 

18 x 2,400 tex 
ECR 1688 glass 

(52%) 

Sigley, 
Wronski, and 
Parry 1991 

730 
-1.17 — — 

Beetle 811 
polyester 

9 x 4,800 tex 
ECR 1688 glass 

(52%) 

Sigley, 
Wronski, and 
Parry 1991 

760 -1.06 — — 

nickel carbon (53%) Wronski and 
Howard 1979 

750 — — — 

4.3 Shear Behavior. The shear strength of the composite materials, summarized in Table 5, does not 

show as strong of a hydrostatic pressure dependence as either the tensile or compressive strength. These 

moderate increases could be due to the increased shear modulus of the matrix materials, enhanced 

adhesion at the fiber/matrix interface in the composites, and by the suppression of crack growth in the 

composite materials. 

5.   CONCLUSIONS 

Hydrostatic pressure can significantly influence the mechanical behavior of unreinforced and reinforced 

polymers. The strength, stiffness, and yield strength of polymers generally increase with increasing 

applied hydrostatic pressure. In composite materials the effects of hydrostatic pressure depended on the 

type of test and the constituents of the material. In the compression tests the unidirectional strengths of 

the composites always increased when tested under pressure. The rate at which the strength increased 

depended on the failure mode of the composites. Wronski et al. (Sigley, Wronski, and Parry 1992; Parry 
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Figure 16.  Tensile strength vs. hydrostatic pressure for several continuous-fiber-reinforced composites. 

and Wronski 1982; Wronski and Parry 1982; Wronski and Howard 1979) found that the strength of 

composites that failed through kinking increased at a rate of approximately three times the applied pressure 

while those that failed through splitting increased at a rate of approximately one times the hydrostatic 

pressure. Weaver and Williams (1975) found that the strength of composites that failed through kinking 

increased at a rate of approximately one times the applied hydrostatic pressure and that those with splitting 

failure had strengths which increased at a rate of approximately three times the applied hydrostatic 

pressure. 

The tensile strengths of continuous-fiber-reinforced polymers generally decreased with increasing 

pressure due to reduced toughness of the matrices. However, the tensile strengths of discontinuous-fiber- 

reinforced composites generally increased due to the enhanced interfacial adhesion and reduced crack 

growth caused by the hydrostatic pressure. The shear behavior of the composites that were evaluated was 

less sensitive to the effects of hydrostatic pressure than the tensile or compressive behaviors. However, 

the shear stiffness and strengths did exhibit slight increases with increasing hydrostatic pressure. 
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Table 5. The Effects of Hydrostatic Pressure on the Shear Strengths of Composites 

Matrix Fiber Type of Test Reference 
Atm. 

Strength 
(MPa) 

Slope 1 Inflection 
(MPa) 

Slope 2 

epoxy carbon 
(60%) 

In-plane shear Parry and 
Wronski 1982 

75 0.25 150 — 

epoxy glass 
(60%) 

In-plane shear Wronski and 
Parry 1982 

42 0.2 — — 

epoxy — Torsion Shin and Pae 
1992b 

37.9 0.100 200 0.033 

epoxy-matrix 
mode 

graphite 
(60%) 

0° Torsion Shin and Pae 
1992b 

71.0 0.170 — — 

epoxy-fiber 
mode 

graphite 
(60%) 

0° Torsion Shin and Pae 
1992b 

228 — — — 

epoxy graphite 
(60%) 

90° Torsion Shin and Pae 
1992a 

100 0.121 200 0.046 

epoxy-matrix 
mode 

graphite 
(60%) 

+45° Torsion Shin and Pae 
1992a 

167.5 0.16 — — 

epoxy-fiber 
mode 

graphite 
(60%) 

+45° Torsion Shin and Pae 
1992a 

246.3 0.06 — — 

epoxy graphite 
(60%) 

-45° Torsion Shin and Pae 
1992a 

21.1 0.09 200 0.04 
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LIST OF ABBREVIATIONS 

ABS Aerylonitrue butadiene styrene 

CA Cellulose acetate 

HIPS High-impact polystyrene 

LDPE Low-density polyethylene 

MDPE Medium-density polyethylene 

PE Polyethylene 

PC Polycarbonate 

PCTFE Polychlorotrifluoroethylene 

PI Polyimide 

PMMA Polymethyl methacrylate 

POM Polyoxymethylene 

PP Polypropylene 

PTFE Polytetrafluoroethylene 

PU Polyurethane 

PVC Polyvinyl chloride 
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